Androgen receptors (ARs) are phosphorylated at multiple sites in response to ligand binding, but the kinases mediating AR phosphorylation and the importance of these kinases in AR function have not been established. Here we show that cyclin-dependent kinase 1 (Cdk1) mediates AR phosphorylation at Ser-81 and increases AR protein expression, and that Cdk1 inhibitors decrease AR Ser-81 phosphorylation, protein expression, and transcriptional activity in prostate cancer (PCa) cells. The decline in AR protein expression mediated by the Cdk inhibitor roscovitine was prevented by proteosome inhibitors, indicating that Cdk1 stabilizes AR protein, although roscovitine also decreased AR message levels. Analysis of an S81A AR mutant demonstrated that this site is not required for transcriptional activity or Cdk1-mediated AR stabilization in transfected cells. The AR is active and seems to be stabilized by low levels of androgen in ''androgen-independent'' PCas that relapse subsequent to androgen-deprivation therapy. Significantly, the expression of cyclin B and Cdk1 was increased in these tumors, and treatment with roscovitine abrogated responses to low levels of androgen in the androgen-independent C4-2 PCa cell line. Taken together, these findings identify Cdk1 as a Ser-81 kinase and indicate that Cdk1 stabilizes AR protein by phosphorylation at a site(s) distinct from Ser-81. Moreover, these results indicate that increased Cdk1 activity is a mechanism for increasing AR expression and stability in response to low androgen levels in androgen-independent PCas, and that Cdk1 antagonists may enhance responses to androgen-deprivation therapy.
T
he androgen receptor (AR) has a central role in prostate cancer (PCa), and androgen-deprivation therapy (ADT) is the standard treatment for metastatic PCa. However, patients invariably recur with more aggressive tumors, which have been termed ''hormone-refractory'' or ''androgen-independent'' PCas (1) . The mechanisms responsible for the progression to androgen-independent PCa are not clear, but high levels of AR expression and renewed expression of androgen-regulated genes indicate that AR transcriptional activity is reactivated (2) (3) (4) (5) (6) (7) (8) (9) . Like other steroid receptors, ARs undergo posttranslational modifications including acetylation, ubiquitination, sumoylation, and phosphorylation. The AR N terminus, which harbors the strong ligand-independent activation function 1 (AF1) that interacts with the C-terminal ligand-binding domain and regulatory proteins, is constitutively phosphorylated at Ser-94 and becomes phosphorylated at multiple additional sites in response to ligand binding (10 -13) . AR reactivation in androgenindependent PCa models is associated with AR stabilization and increased transcriptional activity in response to low levels of androgen (14) (15) (16) (17) . Multiple kinase pathways, including protein kinase A, phosphatidylinositol 3-kinase (PI3-kinase), and Ras͞ Raf͞MAP kinases, have been implicated in hypersensitive androgen responses, but the identity of kinases that directly phosphorylate ARs and the functional importance of AR phosphorylation have not been established (15, (18) (19) (20) (21) (22) (23) .
Previous studies have shown that AR Ser-81 is phosphorylated in response to androgens (11) , but transient transfection studies in AR-negative cell lines indicate that this site is not required for AR transcriptional activity (13) . Here we identify cyclindependent kinase 1 (Cdk1, also called Cdc2) as an AR Ser-81 kinase. Cdk1 transfection increased Ser-81 phosphorylation and AR expression, whereas Cdk1 inhibitors markedly decreased AR Ser-81 phosphorylation, protein levels, and transcriptional activity in LNCaP PCa cells. The decline in ARs mediated by roscovitine, a Cdk inhibitor, was prevented by proteosome inhibitors, indicating that Cdk1 can enhance AR protein stability. Significantly, roscovitine also abrogated Ser-81 phosphorylation and AR stabilization in response to low levels of androgen in the androgen-independent C4-2 PCa cell line. These findings indicate that Cdk1 can stabilize ARs and that increased Cdk1 activity may enhance AR responses to low levels of androgen in androgen-independent PCa.
Results

Cdk1
Mediates AR Ser-81 Phosphorylation and Protein Stabilization.
Recent studies using an antibody against AR phospho-Ser-81 (pSer-81) have shown that phosphorylation at this site correlates with androgen-stimulated transcriptional activation and that this site is hypophosphorylated in mutants defective in DNA binding (15, 24) . In agreement with these results, AR Ser-81 in LNCaP PCa cells was not substantially phosphorylated in steroid hormone-depleted medium [RPMI medium 1640 with charcoal͞ dextran-stripped serum (CSS)] (Fig. 1A) . Dihydrotestosterone (DHT), cyproterone acetate, and hydroxyflutamide stimulated Ser-81 phosphorylation, which is consistent with their known agonist activities for the T877A mutant AR in LNCaP cells (25, 26) . In contrast, the AR antagonists bicalutamide and mifepristone did not stimulate Ser-81 phosphorylation, which supports a link between agonist activity and Ser-81 phosphorylation. Fig.  1 A further shows that Ser-81 phosphorylation parallels the expression of prostate-specific antigen (PSA), a strongly androgen-regulated protein.
Similar results were obtained when the cells were cultured in medium that was not steroid hormone-depleted. In this case, higher basal Ser-81 phosphorylation could be detected without the addition of ligand, and this was increased by treatment with AR agonists (Fig. 1B) . Moreover, the AR antagonist bicalutamide markedly repressed the basal Ser-81 phosphorylation. Finally, the effects of each drug on Ser-81 phosphorylation correlated with their effects on PSA protein expression. AR Ser-81 phosphorylation was also induced by DHT in other PCa cell lines, CWR22Rv1 and LAPC-4 (Fig. 1C) . Significantly, DHT and other AR agonists also increased total AR protein levels, consistent with previous data showing that unliganded ARs are rapidly degraded and that agonist binding stabilizes AR protein (27) .
To identify potential Ser-81 kinases that may regulate AR functions, we used the Scansite program (http:͞͞scansite.mit. edu), which indicated that Cdk1 (also called Cdc2) and Cdk5 were the strongest candidates ( Fig. 2A) . Significantly, Ser-81 is one of six Ser͞Pro sites in the AR N-terminal domain that are identified as strong potential Cdk1 and Cdk5 sites. Cdk1 is activated by cyclin B and by Cdc25-mediated removal of inhibitory phosphates at the end of the G 2 phase, and Cdk1 activity is critical for mitosis (28, 29) . Consistent with the Scansite prediction, cotransfection of AR and Cdk1 into 293T cells resulted in increased Ser-81 phosphorylation (Fig. 2B) . Significantly, there was also an increase in total AR protein. Ser-81 phosphorylation and total AR expression were similarly increased by cotransfection of an activated Cdk1, Cdk1-AF, which has double mutations on the Cdc25-targeted inhibitory Thr-14͞ Tyr-15 residues, and could be further enhanced by cotransfection of Cdk1-AF and cyclin B (Fig. 2 B and C) . In contrast, transfection of Cdk5 and its activator p25 did not increase Ser-81 phosphorylation, instead causing a marked decrease in total AR expression (Fig. 2D) . Transfection of another proline-directed Cdk, Cdk2, similarly resulted in decreased Ser-81 phosphorylation and lower AR levels (Fig. 2E) . Taken together, these results support the conclusion that Cdk1 is an AR Ser-81 kinase and further indicate that Cdk1 can enhance AR protein expression.
Cdk1 Inhibition Decreases Ser-81 Phosphorylation and AR Stabilization. We next carried out inhibitor studies to determine whether endogenous Cdk1 mediates AR Ser-81 phosphorylation in PCa cells. LNCaP cells were treated with DHT (10 nM) in the absence or presence of roscovitine, a selective inhibitor of cellular Cdks (Cdk1, Cdk2, Cdk5, Cdk7, and Cdk9) in the 1 to 10 M range (28, 30, 31) . As shown in Fig. 3A , roscovitine at 0.4 and 2 M partially blocked DHT-stimulated phosphorylation of Ser-81 on the endogenous AR. Increasing the concentration to 10 M roscovitine resulted in an almost complete block of Ser-81 phosphorylation and decreased AR protein levels. Roscovitine similarly suppressed Ser-81 phosphorylation and AR protein expression in AR-transfected HeLa cells, with 10 M yielding nearly complete suppression.
It should be noted that DHT markedly stabilizes the expression of transfected AR in HeLa cells, with AR protein being almost undetectable because of degradation in the absence of DHT (Fig. 3A, HeLa, lanes 1 and 2) . The marked decrease in AR protein expression at 2 and 10 M roscovitine suggested that the drug was increasing AR degradation, which was assessed by using proteosome inhibitors. Consistent with the rapid proteo- some-mediated degradation of unliganded AR, proteosome inhibitor treatment increased the level of AR protein in LNCaP cells cultured in steroid hormone-depleted medium, without or with roscovitine (20 M; Fig. 3B ). In contrast, proteosome inhibition did not substantially increase AR levels when the cells were cultured in steroid hormone containing medium (10% FBS), consistent with the decreased turnover of AR under these conditions. However, the decrease in AR protein in 10% FBS mediated by roscovitine (20 M) was abrogated by proteosome inhibition, indicating that AR degradation was increased by roscovitine. Previous studies in LNCaP cells have shown that the decline in AR protein levels in response to androgen withdrawal results in an increase in AR message levels, reflecting feedback inhibition of the AR gene by the androgen-liganded AR (32) . In contrast, quantitative real-time RT-PCR experiments showed that the roscovitine-mediated decline in AR protein levels in LNCaP cells did not cause an increase in AR message levels, with a substantial decrease in message at 20 M roscovitine (Fig. 3C) . Taken together, these results demonstrate that roscovitine at lower concentrations inhibits androgen-stimulated Ser-81 phosphorylation, whereas higher concentrations (Ϸ10 M) cause a decrease in AR protein that is associated with both decreased AR message levels and increased protein degradation.
Cdk1 Inhibitors Suppress AR Transcriptional Activity. To assess the effects of Cdk1 inhibition on AR transcriptional activity, we cotransfected LNCaP cells with a firefly luciferase reporter regulated by the androgen-responsive PSA promoter͞enhancer (pPSA-luciferase) and a control Renilla luciferase reporter regulated by the CMV enhancer (pRL-CMV). Roscovitine markedly repressed the pPSA-luciferase activity stimulated by 8 hr of DHT exposure and repressed the pPSA-luciferase activity to a lesser extent after 24 hr (Fig. 4A) . Immunoblotting further showed that the roscovitine treatment completely blocked Ser-81 phosphorylation at 8 hr and markedly blocked it at 24 hr and that roscovitine treatment also decreased total AR protein levels (Fig. 4B) . Moreover, consistent with the pPSA-luciferase results, DHT-stimulated expression of endogenous PSA protein was markedly repressed. Because roscovitine is not specific for Cdk1 and can also inhibit Cdk2, Cdk5, Cdk7, and Cdk9, we examined two additional Cdk inhibitors with overlapping specificities. LNCaP cells were transfected as described above and stimulated for 8 hr with DHT in the absence or presence of NU6102 (Cdk1͞Cdk2 inhibitor with IC 50 of 8 M for cell growth) (33) or 3-amino-1H-pyrazolo[3,4-␤]quinoxaline (Cdk1͞ Cdk5 inhibitor) (34) . Significantly, both drugs repressed DHTstimulated transcriptional activity and Ser-81 phosphorylation, with less marked decreases in AR and endogenous PSA protein, further indicating that Cdk1 was mediating these effects (Fig. 4D) .
AR Transcriptional Activity Is Not Ser-81-Dependent. Although Cdk1 inhibitors could suppress both Ser-81 phosphorylation and AR transcriptional activity, previous transfection studies in AR-negative cell lines have shown that Ser-81 is not required for AR transcriptional activity (13, 35) . We similarly found that transfected ARs and an S81A mutant had comparable levels of androgen-stimulated transcriptional activity in HeLa cells, as assessed on an ARE 4 -luciferase reporter gene (Fig. 5A) . Significantly, WT and S81A mutant ARs were expressed at comparable levels and were both strongly stabilized by DHT (Fig.  5B) . Consistent with the specificity of the pSer-81 antibody, there was no reactivity against the S81A mutant (Fig. 5B) . Similar results were obtained in transfected 293T cells (Fig. 5C) .
Chromatin immunoprecipitation studies in LNCaP cells have shown that DHT stimulates the very rapid (within 15 min) recruitment of AR and coactivator proteins to endogenous androgen-regulated genes, including the PSA gene (36, 37) . Therefore, time course studies were done to assess whether Ser-81 phosphorylation was linked to chromatin recruitment of the endogenous AR in PCa cells. In contrast to the rapid recruitment of AR to androgen-regulated genes, a clear increase in Ser-81 phosphorylation was first detected at Ϸ4 hr and was not maximal until 8 hr of DHT stimulation, indicating that Ser-81 phosphorylation was not required for AR recruitment to androgen-regulated genes (Fig. 5D) .
We next used Affymetrix oligonucleotide microarrays to determine how the time course of Ser-81 phosphorylation compared with the induction of androgen-regulated genes. Significantly, this analysis identified a large number of genes that were rapidly induced within 2-4 hr, whereas strong induction of many other genes, including PSA, was not observed until 4 or 8 hr (Fig.  5E ). Real-time RT-PCR confirmed the rapid induction of PLZF, a previously identified androgen-regulated gene, relative to PSA (Fig. 5F) (38) . Interestingly, whereas cycloheximide treatment did not block the induction of PLZF (although maximal induction took Ϸ8, instead of 2, hr), it abrogated the DHT-stimulated expression of PSA, indicating that PSA transcription depended on new protein synthesis (Fig. 5G) . Taken together, these results indicate that the expression of rapidly induced androgenregulated genes is independent of Ser-81, although Ser-81 phosphorylation may contribute to the subsequently delayed induction of other androgen-regulated genes.
Cdk1-Mediated AR Stabilization Is Not Ser-81-Dependent. We next determined whether the Cdk1-mediated increase in AR protein depended on Ser-81 phosphorylation. For these experiments, 293T cells were cotransfected with ARs and mutants, without or with activated Cdk1, and AR levels were assessed by immunoblotting. Significantly, Cdk1 enhanced the expression of both the WT and S81A mutant, indicating that Cdk1 can stabilize AR protein expression by a mechanism that is independent of Ser-81 phosphorylation (Fig. 5H) . Similar to the S81A mutant, other Ser͞Thr͞Pro site mutants were also stabilized by activated Cdk1 (Fig. 5H) . However, the degree to which this stabilization occurred varied, indicating that one or more of these other sites on the AR may contribute to Cdk1-mediated AR stabilization.
Roscovitine Abrogates AR Stabilization at Low Androgen Levels in
Androgen-Independent PCa Cells. The progression to androgenindependent PCa after ADT is associated with high levels of AR expression and renewed expression of multiple androgenregulated genes, indicating that AR transcriptional activity is reactivated despite castrate levels of androgen (2-9). Studies in xenograft and cell line models indicate that the AR in androgenindependent tumors can be stabilized and transcriptionally activated by low levels of androgens, but the mechanisms mediating this hypersensitivity to androgens are not yet clear (14) (15) (16) (17) . Interestingly, we have found that the most highly overexpressed cell-cycle-regulatory genes in androgen-independent PCa are Cdk1, cyclin B1, and cyclin B2 (3.3, 2.7, and 2.6-fold increases in median expression, respectively), with the cyclin B1 increase being statistically significant (6) . Previous studies have also found increased expression of cyclin B1 and Cdc25 in PCa, and this has been associated with more aggressive PCa and progression to androgen-independent PCa (39) (40) (41) . Based on these observations, we examined androgen-independent PCa cells to determine whether Cdk1 may mediate enhanced responses to low levels of androgen. C4-2 cells were derived from an LNCaP xenograft that relapsed after castration and have been used as a model of androgen-independent PCa (14, 17, 42) . Consistent with previous results, C4-2 cells expressed substantial basal levels of PSA message in steroid hormone-depleted medium and could be further stimulated by as little as 10 pM DHT (Fig. 6A) . In contrast, 100 pM to 1 nM DHT was required to stimulate PSA expression by LNCaP cells. Similarly, AR phosphorylation at Ser-81 was not stimulated until the DHT concentration reached Ϸ1 nM in LNCaP cells, whereas in C4-2 cells, Ser-81 phosphorylation and AR protein expression were increased at 10-100 pM DHT (Fig. 6B) . Significantly, roscovitine abrogated the hypersensitive response to low levels of DHT, with 10-to 100-fold higher DHT concentrations being required for maximal Ser-81 phosphorylation and AR protein expression in the roscovitinetreated C4-2 cells (Fig. 6C ).
Discussion
The unliganded AR undergoes rapid degradation, whereas androgen binding stabilizes AR and triggers conformational changes that result in DNA binding and transcriptional activation. Ligand binding induced AR phosphorylation at multiple sites (primarily N-terminal Ser͞Pro sites), but the kinases mediating AR phosphorylation and their importance for AR function have not been established (11, 13, 43, 44) . Transfected Cdk1 stimulated AR phosphorylation at Ser-81 and increased AR protein expression, whereas Cdk1 inhibitors decreased Ser-81 phosphorylation of the endogenous AR in LNCaP PCa cells and similarly decreased AR protein expression and transcriptional activity. The decrease in AR protein expression in response to the Cdk inhibitor roscovitine was prevented by treatment with proteosome inhibitors, indicating that Cdk1 enhances AR protein stability. However, roscovitine also decreased AR message levels, indicating that Cdk1 or possibly another Cdk may increase AR gene transcription or stability of the AR message. Analyses of an S81A AR mutant in transfected cells demonstrated that this site was not required for AR transcriptional activity or for AR stabilization mediated by androgen or Cdk1. Significantly, the expression of cyclin B and Cdk1 is increased in androgenindependent tumors that relapse subsequent to ADT (6) , and treatment with roscovitine abrogated hypersensitive responses to low levels of androgen in the androgen-independent C4-2 PCa cell line. Taken together, these findings identify Cdk1 as a Ser-81 kinase and indicate that Cdk1 stabilizes AR protein by phosphorylation at a site(s) distinct from Ser-81. Moreover, these results indicate that increased Cdk1 activity is a mechanism for increasing AR expression and stability in response to low androgen levels in androgen-independent PCa and that Cdk1 antagonists may enhance or prolong responses to ADT. Consistent with previous data, Ser-81 phosphorylation was induced by AR agonists but was not required for AR transcriptional activity or stabilization in response to androgens or activated Cdk1 in transfected cells. Moreover, we found that phosphorylation of the endogenous AR at Ser-81 in LNCaP cells was not increased until Ϸ4 hr after androgen stimulation, indicating that it was not required for the expression of rapidly induced genes such as PLZF. This delay is consistent with data showing that Ser-81 is not phosphorylated until after DNA binding and transcription initiation and is progressively phosphorylated beyond 6 hr (12, 24) . Interestingly, the DHTstimulated expression of many other genes (including PSA) was delayed for several hours, but this delay with respect to PSA seems to reflect a requirement for new protein synthesis and is not clearly related to Ser-81 phosphorylation. Although these data show that Ser-81 is not required for AR transcriptional activity or stabilization in transfected cells, the unique location of Ser-81 within the N-terminal polyglutamine stretch, the length of which affects AR stability and transcriptional activity (45) , suggests that there may be some new functions for phosphorylation at this site.
Cdk1 is a candidate kinase for multiple Ser͞Pro sites in addition to Ser-81 that are phosphorylated in the AR N terminus (11, 12, 43, 44) , but mutagenesis results indicated that none of these sites were essential for Cdk1-mediated AR stabilization. One interpretation of these data is that AR can be stabilized by Cdk1-mediated phosphorylation at any one of multiple Ser͞Pro sites in the AR. Alternatively, AR may be stabilized by a mechanism that is independent of AR phosphorylation, including the indirect effects of Cdk1 on other pathways due to altered cell-cycle kinetics. It should also be noted that, although Cdk2 and Cdk5 did not enhance AR Ser-81 phosphorylation or expression, other Cdks may contribute to the effects of Cdk antagonists in PCa cells, including possible roles for Cdk7 and Cdk9 in regulating AR message levels. Significantly, previous studies have identified AR interactions with Cdk6 and Cdk7, whereas Cdk2 has been reported to interact with the progesterone receptor (46) (47) (48) (49) . We have used Cdk1 siRNA and short hairpin RNA (shRNA) in efforts to further assess the role of Cdk1, but Cdk1 is required for mitosis, and it has not yet been possible to generate Cdk1-depleted PCa cells.
The standard treatment for PCa that has spread outside the prostate is to suppress or ablate testicular androgen production (i.e., ADT), but patients eventually develop recurrent tumors. Importantly, although there is a decline in the expression of AR protein and androgen-regulated genes in response to ADT, both AR protein and androgen-regulated genes are highly expressed in the recurrent tumors. This AR reactivation is associated with increased AR message levels and with AR stabilization and increased transcriptional activity in response to low levels of androgens in PCa cell lines and xenograft models (6, 8, 14, 50) . Significantly, previous studies have indicated that Cdk1 activity is increased in more aggressive and androgen-independent PCa (6, 39 -41) . Consistent with Cdk1 enhancing AR activity in androgen-independent PCa, we found that Cdk inhibition with roscovitine abrogated the hypersensitive response to low concentrations of DHT in androgen-independent C4-2 cells. Taken together, these observations indicate that increased Cdk1 activity may play a role in androgen-independent PCa by enhancing AR stability and activity in response to low androgen concentrations.
We suggest that a physiological function of Cdk1 is to phosphorylate AR, possibly at multiple sites, and to prevent its degradation. Increased Cdk1 activity would then provide a mechanism for enhancing AR stability and expression in androgen-independent tumors that recur subsequent to ADT, although additional mechanisms including phosphorylation by other kinases, acetylation, and increased expression of chaperone proteins may also enhance AR expression. Further studies are clearly necessary to determine whether Cdk1 stabilizes AR directly by phosphorylation (and to precisely define the relevant sites) or by other mechanisms and to determine whether Cdk1 directly or indirectly enhances AR message levels. In any case, these data indicate that Cdk antagonists may enhance responses to ADT and have efficacy in androgen-independent PCa treatment. Moreover, although the efficacy of pan-Cdk antagonists currently in clinical trials remains to be established, these data suggest that selective Cdk1 antagonists that are now under development may be particularly effective in a subset of cancers including androgen-independent PCa (28, 51).
Materials and Methods
Reagents and Plasmids. Cdk inhibitors were from Calbiochem (Darmstadt, Germany), and all other drugs were from Sigma (St. Louis, MO). Sera (FBS and CSS) were from HyClone (Logan, UT). Reporter genes have been described (52) , and the pCIneohAR plasmid was from Lirim Shemshedini (University of Toledo, Toledo, OH). Cdk1, Cdk1-AF (T14A͞Y15F mutant), Cdk2, and cyclin B plasmids were from Azad Bonni (Department of Pathology, Harvard Medical School, Boston, MA). Cdk5 and p25 plasmids were from Li-Huei Tsai (Department of Pathology, Harvard Medical School) and Bradley M. Denker (Brigham and Women's Hospital, Harvard Medical School). AR and AR pSer-81 antibodies were from Upstate Biotechnology (Lake
